We investigated the effects of a single administration of a cholinesterase inhibitor, tetrahydroaminoacridine (THA, 25 and 50 mg, orally) 
Alzheimer's disease (AD) affects several different cognitive functions during relatively early stages of the disease. Declarative and procedural memories, and central executive functions are impaired compared with agematched controls (Wilcock and Esiri 1982; Shimamura et al. 1987; Becker 1988; Baddeley et al. 1991; Schwartz et al. 1996) . Many investigations conducted with AD patients have focused on the pathologic correlates of impaired semantic and episodic declarative (i.e., memory that is available to conscious awareness) memory. Neurofibrillary tangles and cell loss in the entorhinal cortex and hippocampus, causing a pathologically rapid dependent forgetting of new episodic memories and an impaired ability to form novel semantic memories (Squire 1987; Leonard et al. 1995; Bunsey and Eichenbaum 1996) , can be detected at the early stage of the disease (Braak and Braak 1996) . For example, degeneration of the hippocampus, as measured with volumetric magnetic resonance imaging (MRI) analysis, correlates with the inability to learn a supra-span list of words and with poor visual recognition memory performance after long delays in a delayed matching to sample test (Riekkinen et al. 1998 ). The progressive degeneration of the prefrontal association areas might be related to impaired central executive function and disrupt working memory, planning, and fluency (Borkowski et al. 1967; Baddeley et al. 1991; Rueckert et al. 1994; Baddeley 1996; Phelps et al. 1997) . Performance of AD patients is more impaired at dual rather than single task conditions, indicating that central executive function is also decreased in AD patients (Baddeley et al. 1991) .
There are only a few studies that have investigated the neurobiologic correlates of procedural memory in AD patients (Jelicic et al. 1995) and the effect of drug treatments on these types of memory failure (Schwartz et al. 1996) . In AD, the dysfunction of different forms of procedural memory are related to degeneration of specific cortical areas. Perceptual priming, mediated by ex-trastriate occipital visual association areas, and semantic priming, mediated by temporal or parietal association areas, are impaired in AD (Shimamura et al. 1987; Jelicic et al. 1995; Schwartz et al. 1996) . For example, lexical priming ability, measured with the word stem completion test, indicated that AD patients benefited less from priming than controls (Shimamura et al. 1987) . Other forms of procedural memory that depend on functioning of the basal ganglia, such as skill learning, however, are intact in AD patients (Heindel et al. 1989 (Heindel et al. , 1991 Salmon and Butters 1995) .
The importance of cholinergic cell loss in the basal forebrain in AD for the development of cognitive dysfunction and dementia is supported by several independent lines of research. First, post-mortem studies conducted with samples obtained from AD patients found a significant reduction in the activity of markers for cholinergic fibers in the cortex and hippocampus, and the severity of the cholinergic pathology correlates with the degree of dementia (Bowen et al. 1976; Whitehouse et al. 1982; Reinikainen et al. 1988 ). Second, cholinergic fibers in the frontal cortex and hippocampus are involved in the modulation of attention and memory in lower mammalian species and humans (Drachman et al. 1980; Kopelman and Corn 1988; Dunnett et al. 1991; Robbins et al. 1996) . Administration of scopolamine, a muscarinic antagonist, to healthy volunteers impairs attention and memory, mimicking some of the cognitive defects observed in patients at an early stage of AD (Kopelman and Corn 1988) . Finally, treatment of AD patients with the anticholinesterase drug, tetrahydroaminoacridine (THA), improves attention and attenuates the clinical severity of dementia, but has no effect on episodic or declarative memory functions, which depend on the function of the medial temporal lobe memory systems (Sahakian et al. 1993; Riekkinen et al. 1998) . Furthermore, THA failed to attenuate the central executive dysfunction, as it had no effect on working memory or fluency performance in AD patients (Alhainen et al. 1991b; Sahakian et al. 1993) .
Noradrenergic ␣ 2-agonists, such as clonidine and guanfacine, improve functioning of working memory via ␣ 2A-adrenoceptors located at the principal sulcus in monkeys (Arnsten and Cai 1993; Arnsten et al. 1996) . Similarly, administration of ␣ 2-agonists improves functions that depend on the prefrontal areas, such as spatial working memory and planning in human volunteers (Coull 1994; Coull et al. 1995) . Furthermore, clonidine treatment attenuates defects of verbal fluency in Korsakoff's psychosis (Mair and McEntee 1986) . These results suggest that administration of ␣ 2-agonists also enhances functioning of the prefrontal cortical mechanisms (Moffoot et al. 1994 ) and attenuates cognitive decline in AD patients. Also, the profile of action of ␣ 2-agonists might be different from that produced by an anticholinesterase drug, suggesting that a combination of noradrenergic and cholinergic drugs could more effectively attenuate cognitive dysfunction.
The present study was designed to compare the effects of the ␣ 2-agonist, clonidine, and the anticholinesterase drug, THA, on functions dependent on prefrontal and temporo-parietal cortical regions. We administered clonidine or THA to AD patients and analyzed the effect of the treatments on functions that depend on the prefrontal (spatial working memory, verbal fluency, and spatial span) (Millner 1964) or temporo-parietal (semantic word priming) (Salmon and Butters 1995) systems.
PATIENTS AND METHODS
Thirty patients were included in the THA group and 20 patients were included in the clonidine group (Table 1) . The patients fulfilled the NINCDS-ADRDA criteria of probable AD. The assessment of clinical severity of dementia, MRI, MRI-based volumetric analysis of the hippocampi and amygdala, and SPECT (ECD retention; THA study patients only) studies were used to support the clinical diagnosis of AD. The baseline neuropsychologic profile (Table 2) that was also used to support the diagnosis of AD consisted of an assessment of verbal skills (Boston Naming test, Vocabulary subtest of the Wechsler Adult Intelligence Scale), visuo-constructive skills (copy a cube, clock setting, Block design of the Wechsler Adult Intelligence Scale), praxis, executive function [Trail Making test (TMT) A and C, Verbal/Category Fluency], and immediate and delayed recall (list learning, Wechsler Logical Memory Test; Story recall A & B). In the TMT version A and C, the subject's score was the time required to complete each trial. Three to four days after the baseline neuropsychologic examinations, the drug study was started. Routine blood and cerebrospinal fluid laboratory tests were used to exclude secondary dementia. Hamilton scales were used to exclude depression and Hachinski scales were used to exclude vascular pathology.
During the study period, 42 patients were free of any CNS active medication. Eight AD patients had a low dose of neuroleptic medication and had been on a sta- ble dose level for a minimum of 2 months before initiation of the study. The local ethics committee and the national drug regulatory authorities reviewed and accepted the study plan. The patients, their caregivers, and the controls gave written informed consent for participation in the study.
THA Treatment
The study had a double blind design. THA (Takin ® , Astra, Sweden) 25 or 50 mg, and placebo capsules were similar looking and were orally administered to study patients 90 min before the neuropsychologic testing. We used a Latin Square design (placebo, THA 25 mg, THA 50 mg). A 5-to 7-day recovery was allowed between the different dose levels. The dose range was selected based on two earlier studies indicating that THA 50 mg attenuates cortical EEG slowing in some of the AD patients (Alhainen et al. 1991a; Riekkinen et al. 1997b) . A smaller dose (25 mg) was also tested to evaluate the therapeutic window of acute THA administration for improvement of cognitive functions. Acute treatment with higher doses were not tested, as we earlier observed gastrointestinal side effects (diarrhea, nausea) in some AD patients when administered THA 75 mg.
Clonidine Treatment
The study had a double blind design. Clonidine (Catapressan ® , Boehringer-Ingelheim, Germany) .5 or 2 g/ kg and placebo capsules were similar looking and were orally administered to study patients 90 min before the neuropsychologic testing. A Latin Square design was used (placebo, clonidine .5 or 2 g/kg). A 5-to 7-day recovery was allowed between the different dose levels. The dose range was selected based on previous evidence indicating that clonidine at this dose range modulates cognitive functions and blood pressure in healthy volunteers (Coull et al. 1995) .
Monitoring of Blood Pressure
The blood pressure of subjects included in the clonidine group was measured before they received the study drugs or matching placebo tablets, 90 min afterwards (i.e., just before beginning of the test session), and after completion of the test session which lasted for 60 to 90 min.
Analysis of THA and Clonidine Treatments on Cognitive Functions
During the word priming task subjects were asked to read eight words (e.g., motelli, pidätys) and to rate how much they liked each word on a 5-point scale. Two additional words were placed at the beginning of the list and three at the end to reduce primacy and recency effects. The words were presented for the study without explicitly telling subjects to expect a memory test. Following a single presentation of the words, subjects were shown 16 three-letter word stems and were asked to complete each stem with the first word that came to mind (e.g., mot, pid). There were always at least 10 possible words that could be used to complete each target stem, only one of which was presented for the study. Ten of the stems could be completed using study words, and the other eight stems were used to assess baseline guessing rates. The stems used to assess baseline rates were used as target stems for other subjects. The entire procedure was then repeated in exactly the same manner using a different list of 10 words.
In the verbal fluency test, patients were instructed to produce as many words that started with letter P, A, or S as they could in 60 s. A forward spatial span test was used. A self-ordered search test of working memory, which incorporates a strategic search component to tax "central executive" function, was also used (Owen et al. 1990) . Subjects had to search through a number of boxes (six or eight) for a hidden token without returning to a box that they had already examined on the same trial (to avoid within-search errors) or that had already contained a token in the previous trial (to avoid betweensearch errors). Tokens were hidden one at a time, and were never hidden in the same box twice. The numbers of each type of error at each level of difficulty were measured. The results of the six and eight box levels were pooled together for the analysis.
The tests had three parallel versions that were used during the different sessions.
Statistics
A repeated measures analysis of variance (ANOVA) followed by contrast analysis was used to analyze the treatment-induced changes in neuropsychologic performance of the different groups. Correlations between the biological markers (MRI and SPECT) and neuropsychologic scoring were analyzed with Pearson's correlation test.
RESULTS

Word Priming
A significant treatment effect was observed in priming ability measured after placebo or THA 25 or 50 mg treatments (F(2,58) ϭ 11.52, p Ͻ .001; ( Figure 1A ; Table 3 ). Contrast analysis revealed that THA dose-dependently increased priming ( t ϭ 3.74, p Ͻ .001; Figure 1A ). Clonidine (0.5 and 2 g/kg) treatment failed to improve word priming (F(2,38) ϭ .9, p Ͼ .1) ( Figure 1B ; Table 3 ). THA and clonidine failed to affect baseline guessing rates (F(2,38)(2,58) Ͻ .4, p Ͼ .1, for both; Figure 1A and B).
Working Memory, Fluency, and Span
THA failed to enhance spatial working memory ( Figure  2A) , fluency, or spatial span (F(2,58) ϭ 0.3, p Ͼ 0.1; Table 3 ).
Clonidine 0.5 and 2 g/kg treatment decreased between and within search errors in the spatial working memory tests (F(2,38) Ͼ 19, p Ͻ .001; Figure 2B ; Table  3 ). A contrast analysis revealed that the effect of clonidine was larger at 2 g/kg than at 0.5 g/kg (t ϭ Ϫ6.1, p Ͻ .001). Clonidine also increased word fluency (Hottelings: F(2,18) ϭ 7.8, p Ͻ .01) and the higher dose was more effective than the lower dose for enhancing fluency (t ϭ Ϫ3.0, p Ͻ .001) (Table 3) . Clonidine, however, failed to affect spatial span (F(2,38) ϭ .4, p Ͼ .1; Table 3 ). Lexical word priming ability was analyzed using the word completion tasks. Patients were shown words (e.g., motelli) and later asked to complete three-letter word stems with the first word that came to mind. The patients were not instructed to memorize the words when the words were shown for the first time. The baseline guessing rate (i.e., the tendency to complete the same words under conditions when they had not been presented) was also analyzed. The y-axis indicates the difference between placebo and treatment conditions in the percent of three-letter word stems completed with the study words. The bars represent group mean Ϯ SEM. (A) THA (25 and 50 mg) improved word priming measured with the word stem completion test in AD patients, but (B) clonidine (0.5 and 2 g/kg) did not improve word priming. THA and clonidine did not affect baseline guessing rates.
Blood Pressure in Clonidine-Treated Patients
Clonidine 2 g/kg slightly decreased systolic blood pressure measured immediately before and after cognitive testing, but failed to affect diastolic blood pressure 
DISCUSSION
In the present study, administration of THA and clonidine enhanced different cognitive functions in AD patients. THA improved word priming, but had no effect on spatial working memory or verbal fluency. Clonidine facilitated spatial working memory and verbal fluency, but failed to stimulate word priming. These results suggest that modulation of locus coeruleus (LC) noradrenergic cells might affect central executive function of the prefrontal cortex (Baddeley et al. 1991) and basal forebrain cholinergic systems might affect the parietal lexical priming systems (Salmon and Butters 1995) .
The present result indicating that THA treatment improves word priming and the earlier reports describing an improvement of attention (Sahakian et al. 1993; Riekkinen et al. 1997a) suggest that THA treatment attenuates some of the cortical dysfunctions found in AD patients. Sahakian et al. (1993) reported that chronic treatment with THA improved attention at the same doses that attenuated the severity of clinical dementia. Riekkinen et al. (1997a) described that single administration of THA stimulated attention performance of AD patients that did not have a severe dysfunction of prefrontal areas, as measured by neuropsychologic scoring and SPECT ECD retention of the prefrontal area. Furthermore, we replicated earlier findings that working memory and fluency are not markedly improved by THA treatment (Sahakian et al. 1993 ). This indicates that THA stimulates attentional functions that also require functioning of the prefrontal areas, but does not improve spatial working memory and word fluency sensitive to frontal lesions. Therefore, it is possible that treatment of AD patients with an anticholinesterase drug might more effectively remediate functioning of prefrontal areas involved in attention, than working memory or fluency.
A comparison of the present results with previous results (Sahakian et al. 1993; Riekkinen et al. 1998) suggests that THA treatment cannot enhance declarative memory function, but improves performance in a test of conceptual word priming that is supposed to measure implicit memory (Squire 1987) . Indeed, THA treatment fails to improve performance of AD patients in tests of declarative memory, such as paired associates learning, delayed matching to sample, and story recall, which depend on the functioning of the medial temporal lobe memory system (Sahakian et al. 1993; Riekkinen et al. 1998) . Previous neuropsychologic evidence suggests that THA facilitates word priming by improving implicit memory processing in the temporo-parietal areas. Shimamura et al. (1987) initially found that AD patients can complete word stems with words, so that mental slowness or lack of attention to instructions cannot explain the defective word priming. Furthermore, baseline guessing rates were not reduced, indicating that AD patients did not fail because of the use of obscure of unusual words. Because the drug treatment was "on" during all stages of implicit memory testing, we cannot speculate whether encoding, storage, retrieval, or all were improved by THA treatment. We previously found that THA facilitates immediate recall of an actively memorized supra-span word list by improving attention in a few AD patients (Riekkinen et al. a Lexical word priming ability was analyzed using the word completion task. Patients were shown words (e.g., motelli) and later asked to complete three-letter word stems with the first word that came to mind. The patients were not instructed to memorize the words when the words were shown for the first time. The baseline guessing rate (i.e., the tendency to complete the same words under conditions when they had not been presented) was also analyzed. The values indicate the percent of three-letter word stems completed with the study words. Spatial working memory was measured by counting the within and between search errors. The values indicate the number of errors. In the verbal fluency test, the patients produced as many words that started with letter A, P, or S as they could in 60 s. The values indicate the number of words generated. A forward spatial span was used. The number of correct responses is shown. All the values are group mean Ϯ SD. Clonidine decreased errors in the spatial working memory test and increased words produced in the fluency test. In contrast, THA improved word priming. *p Ͻ .05 for THA induced improvement of performance. **p Ͻ .05 for clonidine induced improvement in performance.
1998). Due to severe disruption of the medial temporal lobe memory system, THA failed to stimulate free recall or recognition of these words after a 6-min break (Riekkinen et al. 1998) . Therefore, the present data showing that the effect of THA on word priming is observed after a 6-min break further supports the idea that the action of an anticholinesterase drug on implicit memory is not mediated via medial temporal lobe memory systems. Clonidine improved performance in word fluency and spatial working memory tests that depend on prefrontal functioning, but had no effect on word priming. It is relevant to note that previous pharmacologic studies in animals suggest that cognition-enhancing effects of ␣2-agonists are mediated by post-synaptic ␣2-adrenoceptors (Arnsten et al. 1996) . Indeed, in monkeys the ability of different ␣2-agonists to improve spatial working memory correlated with high relative ␣2A vs. ␣2B or C affinity, suggesting that postsynaptic ␣2A-adrenoceptors in the prefrontal cortex mediate the action of subtype non-selective agonists on cognitive functions (Arnsten et al. 1996) . Recent studies have also investigated the effects of ␣2-agonists on information processing in healthy humans, and these studies have described an improvement in spatial working memory (Coull et al. 1995) . Furthermore, a previous study reported that acute administration of clonidine improves word fluency and increases anterior cingulate blood flow in Korsakoff's psychosis (Mair and McEntee 1986;  Figure 2. Spatial working memory was measured by analyzing the number of errors made during the working memory testing. THA (25 and 50 mg) had no effect on performance in spatial working memory test (A, B). Spatial working memory was improved in AD patients by clonidine (0.5 and 2 g/kg) treatment dose-dependently (A, B) . Y-axis: the difference in the number of within and between search errors placebo and treatment conditions. The bars represent group mean Ϯ SEM. Moffoot et al. 1994) . The involvement of ␣2-adrenoceptors in the improvement of fluency and spatial working memory observed in AD (the present study) and Korsakoff's psychosis or in healthy volunteers is supported by a recent report describing the effect of idazoxan, an ␣2-antagonist, on cognition (Goodwin et al. 1997) . Goodwin et al. (1997) found that idazoxan treatment disrupted spatial working memory and word fluency in AD patients, and that the reduction in blood flow in the lateral prefrontal area correlated with impaired fluency performance. Importantly, Mohr et al. (1989) reported that clonidine given for 2 weeks had no beneficial or adverse effects on neuropsychologic performance in AD patients. The differences between the neuropsychologic tests employed in the present study and those used in the previous study (Mohr et al. 1989 ) might explain the different results. First, Mohr et al. (1989) did not measure spatial working memory, but assessed verbal and visuospatial associative memory tests that might be less sensitive to the effects of clonidine. Second, Mohr et al. (1989) assessed neuropsychologic performance after 2 weeks of treatment, and as a compensatory change, a tolerance might have developed to the effects of clonidine.
In conclusion, activation of ␣2-adrenoceptors by clonidine improves frontal functions, such as spatial working memory and word fluency. In contrast, modulation of cholinergic transmission by the anticholinesterase drug, THA, improved word priming mediated via parietal areas. Therefore, our data suggests that degeneration of the LC noradrenergic system and the cholinergic cells of the basal forebrain have different functional consequences during the progression of AD. Finally, a combined treatment with noradrenergic and cholinergic drugs might produce a qualitatively broader effect on cognitive functions than either of the treatments alone, and more effectively attenuate clinical dementia.
